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A B S T R A C T
In this work, 3,4-ethylenedioxythiophene (EDOT) and 1,2,3,4-tetrahydrophenazine based donor-acceptor-donor
type monomer (EBE) was synthesized, electropolymerized and the resulting polymer film (P(EBE)) was in-
vestigated in terms of its electrochemical and spectroelectrochemical properties. The polymer film showed ex-
cellent electrochemical stability upon 1000 switchings by saving almost full of its electroactivity. Moreover, 95%
of the optical contrast was maintained after 500 switchings. The optical band gap value was calculated using
Tauc Plot method and found as 1.5 eV. P(EBE) film revealed multichromic behaviour between its fully neutral
and oxidized states; dark cyanish-green at −0.8 V, more green at −0.5 V and transmissive green beyond 0.6 V
potentials. Finally, a dual type electrochromic device (ECD) was constructed with P(EBE) and poly(3,4-ethy-
lenedioxythiophene) (PEDOT) films and the spectroelectrochemical behaviour of ECD was depicted.
1. Introduction
Electrochromism is a phenomenon that switching the optical prop-
erties of a material between its oxidized and reduced states, under an
applied potential [1]. Moreover, reversibility of this electrochromic
behaviour perfectly meets with the expectations of the electrocromic
device applications such as displays, smart windows, car rear-view
mirrors, camuflage materials, sensors, supercapacitors and many other
applications [2–9]. Since molecular modifications are possible and each
change on the molecule exhibits different optical properties, organic
conjugated molecules, especially electron donor-acceptor-donor (DAD)
type materials are in full of attention in these applications [10].
Obtaining different colors are the main topic of research in the
electrochromic fields. The primary colors, red-green-blue (RGB) are the
basic colors and any other color can be obtained by mixing these pri-
mary colors. The synthesis of electrochromic polymers, generally pre-
senting red or blue colors in their neutral state, have been achieved and
reported many times. On the other hand, green color is also necessary to
complete the RGB color spectrum. Neutral state green color polymers
are the special type of electrochromic polymers exhibiting dual optical
absorption band in the visible region. Because of the difficulty to obtain
these two absorptions centered at the blue and red regions of the visible
spectrum, the neutral state green colored electrochromic polymers took
more time to be synthesized and could not have been achieved up to
2000's. After the first green electrochromic polymer reported in the
literature [11], various type of molecules have designed and reported,
containing different electron donor and acceptor units in the same
polymer backbone (DAD), presenting different shades of green or cyan.
3,4 ethylenedioxythiophene (EDOT) is a widely used donor unit in
green colored polymer synthesis, since EDOT has excellent donor
property and electrochemical/optical stability [12]. When electron
withdrawing units combined with EDOT, resulting polymer possesses
lower optical band gap, easier oxidation, and better stability. Molecules
with quinoxaline rings, on the other hand, are used as the electron
acceptor due to their electron-deficient nature, with having an ad-
vantage of functionalization of quinoxaline ring by bis-substitution or
direct aromatic or cyclic substitution. Several studies have been pub-
lished about DAD polymers containing EDOT and different quionoxa-
line derivatives as electrochromic materials in the literature [13–23],
most of them are green in their neutral state. In the light of these reports
in the literature, exhibiting neutral state green color can be attributed
to strong electron acceptor combined with a strong electron donor and
hues of green can be altered by modifying the acceptor or donor group
by different substitutions.
Here, we are chasing another neutral state green polymer by com-
bining EDOT with a novel acceptor unit, cyclohexyl substituted qui-
noxaline. This polymer, P(EBE), gave a very attractive green color in
the neutral state, while showed a high transparency in the oxidized
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state. All electrochemical and spectroelectrochemical properties of the
monomer and its electrochemically synthesized polymer were shown
and discussed. Meanwhile, basic properties of the corresponding
polymer were compared with that of other similar polymers in the lit-
erature. Last part of the study includes a dual type electrochemical
device (ECD) application of P(EBE) with the homopolymer film of
EDOT.
2. Experimental
The chemicals used in this study (acetonitrile (ACN), toluene, di-
chloromethane (DCM), ethyl alcohol (EtOH), diethylether (Et2O), acetic
acid (AcOH), hexane, 4,7-dibromobenco[c] [1,2,5]thiadiazole, cyclo-
hexane-1,2-dione, Palladium(II), magnesium sulphate, 3,4-ethylene-
dioxythiophene (EDOT), sodium borohydride (NaBH4), tetra-
butylammonium tetrafluoroborate (TBABF4)) were purchased from
Sigma Aldrich. Gamry PCI4/300 potentiostat–galvanostat was used for
the electrochemical studies. Fluorescence emission measurement of
monomer was recorded on a Varian Cary Eclipse Fluorescence Spec-
trophotometer. Monomer was electropolymerized via cyclic voltam-
metry on platinum disc working electrode (vs Ag/AgCl reference elec-
trode). For spectroelectrochemical studies, polymerization was carried
out on ITO (Delta Tech. 8–12, 0.7 cm×5 cm) coated glass working
electrode (vs Ag wire) and the spectroelectrochemical measurements
were collected using Carry 60 model UV–Vis spectrometer combined
with Gamry. All polymerizations were conducted in TBABF4-ACN/DCM
(2:1 v/v) electrolytic medium, and the polymer behaviour was in-
vestigated in TBABF4-ACN. H NMR and C NMR spectra of the monomer
were recorded on a Bruker NMR Spectrometer (DPX-400) in CDCl3. For
electrochromic device fabrication, gel electrolyte was prepared ac-
cording to literature [24].
2.1. Synthesis of monomer (EBE)
The monomer synthesis was achieved in two steps which were
shown in Scheme 1. Before all the synthesis steps, stannyl derivative of
the donor group (EDOT) were prepared under conventional metallation
conditions [25].
2.1.1. Step 1 synthesis
4,7-dibromobenzo[c] [1,2,5]thiadiazole was reduced to di-
bromobenzene form using NaBH4 in ethanol, according to general
procedure [26]. The resulting intermediate product (3,6-di-
bromobenzene-1,2-diamine) was used to react with the same equivalent
cyclohexane-1,2-dione (1.5mmol) in 20mL diethyl ether along with
the catalytic amount of acetic acid (0.5mL). Reaction was kept under
reflux and followed by thin layer chromotography (TLC). After the re-
action completed, the solvent was evaporated under vacuo and purified
over column chromatography using 20 Hexane/1Ethylacetate. The
product was obtained as pale yellow solid.
2.1.1.1. (6,9-dibromo-1,2,3,4-tetrahydrophenazine). (Yield: 35%) 1H
NMR: (CDCl3) d: 7.74 ppm (d, 2H); 3.17 ppm (d, 4H); 1.98 ppm (d,
4H). 13C NMR: 156.3; 139.6; 132.2; 122.9; 33.1; 22.6. (1H NMR and 13C
NMR spectra were given in Supp. Info., Figs. S1 and S2.)
2.1.2. Step 2 synthesis
The donor-acceptor-donor coupling was achieved via Stille coupling
reaction. The general procedure was carried out as follows: 1 eq. of 6,9-
dibromo-1,2,3,4-tetrahydrophenazine, 2.1 eq. of stannylated EDOT and
1% eq. of Pd(II) catalyst were added in freshly distilled toluene.
Solution was stirred and refluxed at about 120 °C under inert atmo-
sphere for two days by watching with TLC. The solvent was removed
under vacuo and the crude product was extracted over DCM and water.
After drying over magnesium sulphate, further purification was
achieved by column chromatography (3 hexane/1 DCM) and the pro-
duct was obtained as pale orange solid.
2.1.2.1. EBE. (Yield: 45%) 1H NMR: (CDCl3) d: 8.51 ppm (s, 2H);
6.51 ppm (s, 2H); 4.38–4.29 ppm (m, 8H); 3.24 ppm (m 4H);
2.06 ppm (m, 4H); 13C NMR: 151.8; 141.3; 140.1; 137.6; 128.3;
127.1; 113.6; 102.7; 64.9; 64.4; 32.5; 22.9. (1H NMR and 13C NMR
spectra were given in Supp. Info., Figs. S3 and S4.)
Scheme 1. Two step synthesis route to monomer, EBE.
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Fig. 1. a) UV–Vis spectrum of EBE recorded in DCM. Inset of (a): Emission spectrum of EBE in DCM (λexc= 430 nm) and photos of the monomer solution under
daylight and UV-light. b) CV of the monomer during oxidation between 0.0 V and 1.3 V potentials. c) CVof the monomer during reduction between 0.0 V and
−1.75 V potentials. (Both oxidation and reduction CVs were collected in 0.1M TBABF4 – ACN/DCM electrolytic solution at a scan rate of 100mV/s)
Fig. 2. a) CVs recorded during electro-
polymerization of EBE on Pt-disc WE, con-
taining 0.0323M monomer solution. b) CV
of P(EBE), recorded the potentials between
−0.5 V and 1.3 V. c) Reduction behaviour
of P(EBE), recorded the potentials between
0.0 V and −1.65 V. (Both oxidation and
reduction CVs of the polymer were collected
in 0.1M TBABF4-ACN monomer free elec-
trolytic solution, at a scan rate of 100mV/s)
Fig. 3. a) CVs of P(EBE) recorded at the scan rates of 25, 50, 75, 100, 125, 150, 175, 200mV s−1. b) Charge amounts and current intensities both in anodic and
cathodic region as a function of scan rate. c) CVs of P(EBE) after 500 and1000 switchings at a scan rate of 100mV s−1.
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3. Results and discussion
3.1. Spectroscopic and electrochemical properties of the monomer (EBE)
Fig. 1a shows the electronic absorption and fluorescence spectra of
the monomer recorded in DCM. EBE gave 2 absorption peaks with
having maximum at 320 nm and 436 nm. Donor-acceptor-donor based
organic molecules typically results in dual band absorption spectrum,
where low energy band attributes to intramolecular charge transfer
between donor and acceptor units while high energy band indicates a π
→ π* transition [27,28]. Fluorescence spectrum of the monomer was
also measured in DCM at the excitation wavelength of 430 nm, resulting
in an emission maximum at 562 nm. The dilute monomer solution ap-
pears as yellow under daylight and emits fluorescent yellow color under
UV light (See insets of Fig. 1a). Exhibiting a fluorescent color of the
material under UV light indicates the existence of a conjugation on the
molecule.
Electrochemical behaviour of the monomer was monitored by re-
cording its cyclic voltammograms (CV) both in anodic and cathodic
regions and the corresponding redox behaviour was given in Fig. 1b and
c, respectively. The CV of EBE revealed two irreversible oxidation peaks
at 0.76 V and 1.02 V. In the cathodic region, monomer exhibited an
irreversible reduction having an onset at −1.49 V. The electrochemical
band gap of the monomer was measured from the onsets of the oxi-
dation (at 0.72 V) and reduction (−1.49 V) potentials and found to be
2.21 V.
3.2. Electrochemical polymerization of EBE on platinum disc electrode:
electrochemical properties of P(EBE)
Electrochemical polymerization of EBE was carried out in a work-
station of three-electrode system. Pt disc electrode (0.02 cm2 area) was
used as a working electrode (WE) vs. Ag/AgCl reference. 0.0323M
monomer solution is used for polymerization, containing TBABF4 –
ACN/DCM electrolytic solution. Electropolymerization was achieved
using cyclic voltammetry technique by applying 10-repetitive scans
between −0.2 V and 1.3 V potentials and the resulting cyclic voltam-
mograms were depicted in Fig. 2a. Increasing the peak intensities in
each completed scan indicates the polymer formation on WE surface.
After the polymerization complete, polymer containing WE was washed
in ACN and taken into monomer free electrolytic solution (0.1M
TBABF4 in ACN). Fig. 2b shows the cyclic voltammogram of P(EBE). As
seen from the figure, the polymer film has two reversible oxidation
peaks, the first one is quite clear at 0.46 V. After that, the second
Fig. 4. Capacitive behaviour of P(EBE), scanning between +0.4 V and 1.1 V
potentials.
Fig. 5. UV–Vis spectrum of P(EBE) film on ITO-glass WE. Inset: The optical
band gap calculation using Tauc Plot.
Fig. 6. a) UV–Vis spectra of P(EBE) monitored during the anodic scan from −0.8 V to 1.0 V, at a scan rate of 20mV s−1, b) Colors of the polymer film at different
potentials. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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oxidation peak can be observed at 0.86 V. Moreover, the polymer film
scanned in negative potentials to −1.65 V and gave a reduction with
having an onset at −1.4 V (Fig. 2c). The electrochemical band gap
value was calculated from the onsets of the oxidation (0.13 V) and re-
duction (−1.4 V) potentials and found to be 1.53 V.
P(EBE) film was scanned at different scan rates increasing from 25
to 200mV s−1, in order to see the effectiveness of charge-discharge
behaviour with increasing scan rates (Fig. 3a). According to the cyclic
voltammograms, charge/discharge amounts and anodic/cathodic cur-
rent responses were monitored as a function of scan rate. Amount of
charge during oxidation and reduction measured from the integrating
program of cyclic voltammetry on GAMRY potentiostat. As seen in
Fig. 3b, charge amounts showed almost no change even at high scan
rates, indicating a very effective charging/discharging ability of P
(EBE). This phenomenon can be explained with the inverse relationship
between the current and time. Faster scan rates shorten the cycling
times and result in higher current intensities. As a result, charge amount
for each scan remains constant (Q= I× t).
Moreover, current responses were found to be directly related to the
scan rates, indicating a well adhering electroactive polymer film on WE
surface. These results also indicates a nondiffusional redox process of P
(EBE) (See inset of Fig. 3b).
In order to see the electrochemical stability upon many switchings,
the polymer film was switched between its redox states (at potentials of
−0.2 V and 0.7 V) via square wave potential method with 5 s intervals.
The cyclic voltammograms recorded before switching and after 500 and
1000 switchings were shown in Fig. 3c. P(EBE) was saved its 95%
charge/discharge intensity and 94% of its current intensity after 1000
switching, indicating a high electrochemical stability.
The capacitive response of the polymer film, to see if the polymer
keeps its rectangular shaped CV with increasing scan rates, was also
investigated by recording the voltammograms at various scan rates in
the potential range of +0.4–1.1 V. The related voltammograms are
shown in Fig. 4. P(EBE) was saved the direct relation of anodic and
cathodic current intensity as a function of scan rate and the CVs mostly
saved their rectangular shapes, indicating the capacitive ability of P
(EBE) [29]. Only 14% charge lost was observed in both half reactions.
3.3. Electrochemical polymerization of EBE on ITO-glass electrode:
spectroelectrochemical properties of P(EBE)
After revealing the electrochemical properties of P(EBE), the
polymer film was re-obtained on ITO-glass WE (vs Ag wire as a pseudo-
reference electrode) in order to investigate the optical properties.
0.0216M monomer solution is used for polymerization, containing
TBABF4 – ACN/DCM electrolytic solution. 10 repetitive potential cy-
clings between the potentials of −0.2 V and 1.3 V were applied for
electropolymerization. After the polymer film was obtained, the WE
was washed in ACN and taken into monomer free solution of 0.1M
TBABF4 – ACN. The area of the polymer film on ITO WE calculated as
1.4 cm2 (CVs during electropolymerization and CV of the resulting
polymer film on ITO WE is given in Supp. Info., Fig. S5.)
P(EBE) film revealed two well separated absorption bands, with
having maximum at 412 nm and 670 nm in its neutral state (Fig. 5).
Dual absorption before 500 nm and after 600 nm in the visible region is
a fingerprint of the green color.
The optical band gap (Eg-optical) was calculated using Tauc Plot
method and found to be 1.5 eV (Inset of Fig. 5) [30,31]. (Eg-optical was
also calculated from the onset of the lower energy band (1240/823) and
found to be the same.) Noted that the band gap value determined from
electrochemistry (in Section 3.2) is in agreement with the value de-
termined from spectroelectrochemistry.
When the polymer film being oxidized, change in the optical
Fig. 7. a) Optical contrast as a function of time at 412 nm and 670 nm, applying
the potentials of −0.8 V and 1.0 V with 10, 5, 2 and 1 s intervals, b) 5th curve
of 10 s switching, used for revealing the percent transmittance, response times
and coloration efficiency, c) Optical stability test of P(EBE) under the constant
potentials of −0.2 V and 0.7 V for 500 switchings.
Table 1
Properties of P(EBE) and the similar polymers in the literature.
Polymers ʎmax
(nm)
Eg-optical
(eV)
T % t-switching (s) Colors
Neutral to Oxidized
P(EBE) 412
670
1.5 37
30
0.9
0.6
Green to
Transmissive
(green)
[19]
PDEQ
410
660
1.4 36
30
1
0.72
Blue-green to
Transmissive
[20]
PBEAQ
435
670
1.5 22.5
10
1.5
1.5
Green to
Transmissive(blue)
[21]
PHED
470
790
1.1 27
16
0.9
1.2
Green to Gray
[22]
PHEN
460
820
1.0 34
–
1.8
–
Brick-red to Gray
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absorption was monitored by UV–Vis spectrometry and the resulting
spectra were depicted in Fig. 6a. Upon electrochemical oxidation of the
film, two neutral bands lost their intensity, accompanying by a for-
mation of a new charge carrier band beyond 800 nm, indicating ap-
pearance of the charge carriers or polarons [32]. Upon further oxida-
tion, another band beyond 950 nm started to appear, most probably
attributing the bipolaron formation [33]. Polymer film is dark cyanish-
green below −0.5 V (L: 27.2; a*: 12.4; b: 8.7), in its fully neutral state.
When potential becomes −0.5 V, the color becomes more green (L:
35.4; a*: 14.3; b: 6.5). At 0.1 V, semi-transmissive (L: 42.7; a*: 6.1; b:
0.80) and after 0.6 V, fully transmissive green is observed (L: 52.8; a*:
2.5; b: 3.4).
It is important to determine the change in optical contrast of the
polymer film between its oxidized and neutral states (T %). Besides,
other optical properties such as response times (t-ox and t-red) and
coloration efficiency (CE) can also be extracted from the optical
transmittance data. In order to reveal these properties, square wave
input potentials of −0.8 V and 1.0 V were applied on the polymer film
at selected wavelengths in 10 s, 5 s, 2 s and 1 s intervals and the re-
sulting visible transmittance was shown in Fig. 7a. At 412 nm and
670 nm, T % of P(EBE) was measured as 37% and 30%, respectively. As
seen from Fig. 7a, when switching times are fastened, the oxidation
transmittance levels keep their intensity while some loss can be seen in
the reduction transmittance levels. (especially switchings shorter than
2 s). It can be concluded that the polymer film can be oxidized in a very
short time but reduction requires relatively more time than oxidation.
Fig. 7b shows the response time measurement on the fifth transmittance
curve. 95% of the optical density was used for measuring t-ox and t-red,
where human eye is more sensitive. P(EBE) oxidation and reduction
times were measured as 0.9 s and 1.5 s, respectively at 412 nm. As ob-
served in Fig. 7a, reduction time was found to be longer than oxidation
time. On the other hand, at 670 nm, t-ox and t-red were calculated as
0.6 s and 1.2 s, respectively.
Optical stability of P(EBE) was also tested under the constant po-
tentials of −0.2 V and 0.7 V with 5 s intervals. After 500 switchings,
95% of the optical transmittance was saved, indicating a good optical
stability of the polymer film (Fig. 7c).
The amount of electrochromic color formed or bleached by the
charge consumed is the characteristic of an electrochromic material at a
specific wavelength, called “coloration efficiency (CE)”. For P(EBE), CE
values were determined according to literature [34,35]. At 95% of the
optical density, CEs of P(EBE) were calculated as 128 cm2/C and
200 cm2/C, at 412 nm and 670 nm, respectively, indicating a remark-
able coloration ability.
Fig. 8. Chemical structures of P(EBE) and of the similar polymers in the literature.
Fig. 9. UV–Vis spectra of ECD during an anodic potential scan (from −1.1 V to
1.1 V) at a scan rate of 20mV s−1. Insets: CV of ECD and the photos of the ECD
in two distinct redox states.
Fig. 10. Optical stability test of ECD, measured at 410 nm, under square po-
tential inputs of −1.0 V and 1.0 V with 5 s intervals.
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In order to compare the properties of P(EBE) in terms of the elec-
tron withdrawing quinoxaline unit, EDOT containing molecules having
similar acceptor skeleton existing in the literature were searched.
Table 1 demonstrates those polymer films and summaries their basic
optical properties. Rather than electrochromics with bis-substituted
quinoxalines [14–18] or other aimed quinoxaline and EDOT based
polymers [36–40], electron withdrawing quinoxaline based heterocyles
(characterized as electrochromics) were especially compared [19–22].
Structures of these polymers were shown in Fig. 8. PDEQ contains bare
quinoxaline as an acceptor and reveals similar optical properties to P
(EBE). As mentioned in the related reference [19], the polymer ex-
hibited blue-green color in the neutral state, since PDEQ absorption
maxima (both higher and lower energy transitions) shifted toward
600 nm which is the absorption maximum of EDOT itself. In other
words, the valley between two absorption bands is at about 440 nm,
makes the polymer bluish. For P(EBE), the valley between the visible
absorption bands is at 480 nm, making P(EBE) greener than PDEQ.
Among all the polymers in Fig. 8, P(EBE) demonstrated the fastest
switching time and the highest optical contrast at both wavelengths. On
the other hand, PHED and PHEN contains fused benzene rings on qui-
noxaline unit, which brings a stronger acceptor property and probably a
better donor-acceptor match, resulting in a lower optical band gap.
3.4. Electrochromic device (ECD) application of P(EBE)
For ECD fabrication, P(EBE) and poly(3,4-ethylenedioxythiophene),
PEDOT, films on ITO WE were used as the anodically and the cath-
odically coloring materials, respectively. Neutral state P(EBE) and
oxidized state PEDOT films were sandwiched, sealed via gel electrolyte
and dried overnight. Fig. 9 shows the spectroelectrochemical study of
ECD. During a potential scan from −1.1 V to 1.1 V, absorption band
related to PEDOT film at about 600 nm decreased its intensity and the
characteristic peaks coming from P(EBE) became intense, attributing to
cross oxidation-reduction processes of two polymers. Resulting cyclic
voltammogram and the colors of ECD can be seen in the inset of Fig. 9.
Upon switching, ECD changed its color from blue to green, as expected
simply from the color-mixing phenomenon.
Optical contrast was also measured at three wavelengths coming
from both polymer films and found as 5%, 2% and 4% at 410 nm,
600 nm and 700 nm, respectively. As seen from Fig. 9, the relatively
lower optical contrasts were obtained at 600 nm and 700 nm with re-
spect to that of at 412 nm, due to overlapping of the spectra at these
optical bands (For change in the optical contrast of ECD, see Sup. Info.,
Fig. S6).
Optical stability was also tested for ECD at 412 nm, by reducing and
oxidizing the device at constant potentials of −1.0 V and 1.0 V
(Fig. 10). After 400 switchings, ECD saved its whole optical contrast
with just showing an upward shift. This phenomenon may be attributed
to easier oxidation but relatively slower reduction times of ECD. Be-
sides, upward shift may also show the achievement of the equilibrium
of the device at its first 200 switchings.
4. Conclusion
A novel EDOT and cyclohexylquinoxaline based conjugated mole-
cule was synthesized via Stille coupling reaction. The electrochromic
polymer film was obtained electrochemically and characterized in
terms of its electrochemical and spectroelectrochemical properties. The
resulting polymer possesed dark cyanish-green in its fully neutral state
(below −0.5 V), more green in the neutral state (−0.5 V) and very
transmissive at the oxidized state (0.6 V), with having fast switching
times at its both higher and lower optical energy bands. Moreover, the
polymer film showed excellent electrochemical stability upon 1000
switchings, by saving its 94% of electroactivity. Moreover, 95% of
optical transmittance of the polymer remained upon 500 switching on
ITO-glass working electrode, indicating a good optical stability. Finally,
dual type ECD of the polymer with EDOT worked well, possesing green
and blue colors in different redox states. In the light of these results, P
(EBE) is reported as a promising candidate for electrochromic appli-
cations.
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